Construction of the bacterial flagellum in the cell exterior proceeds at its distal end by highly ordered self-assembly of many different component proteins, which are selectively exported through the central channel of the growing flagellum by the flagellar type III export apparatus. FliI is the ATPase of the export apparatus that drives the export process. Here we report the 2.4 Å resolution crystal structure of FliI in the ADP-bound form. FliI consists of three domains, and the whole structure shows extensive similarities to the ␣ and ␤ subunits of F0F1-ATPsynthase, a rotary motor that drives the chemical reaction of ATP synthesis. A hexamer model of FliI has been constructed based on the F 1-ATPase structure composed of the ␣3␤3␥ subunits. Although the regions that differ in conformation between FliI and the F 1-␣/␤ subunits are all located on the outer surface of the hexamer ring, the main chain structures at the subunit interface and those surrounding the central channel of the ring are well conserved. These results imply an evolutionary relation between the flagellum and F 0F1-ATPsynthase and a similarity in the mechanism between FliI and F 1-ATPase despite the apparently different functions of these proteins.
T he bacterial flagellum is a macromolecular assembly made by Ϸ30 different proteins with copy numbers ranging from a few to a few tens of thousands (1, 2) . The component proteins of the flagellar axial structure are transferred through the central channel of the growing flagellum to its distal end by the flagellar type III export apparatus attached on the cytoplasmic side of the flagellar basal body (3, 4) . The flagellar type III protein export apparatus is a complex made of six membrane proteins, FlhA, FlhB, FliO, FliP, FliQ, and FliR, and three soluble proteins, FliH, FliI, and FliJ (5, 6) . It is thought that the membrane proteins are located within the putative central pore of the flagellar basal body MS ring to form an export channel, and FliI is attached on the platform made of the cytoplasmic domains of FlhA and FlhB (7) . Because the channel diameter through the filament is only 2 nm (8), proteins to be exported must be largely unfolded for entry into and translocation through the channel. Salmonella InvC, the FliI homolog of the virulence type III secretion system, has been shown to induce chaperone release from and unfolding of the cognate protein to be secreted in an ATPase-dependent manner (9) , suggesting that FliI may act in a similar way.
FliI is a member of the Walker-type ATPase family (10) , and it is thought to form a ring-shaped hexamer for protein export (11) (12) (13) (14) . FliI has significant similarity in its primary sequence to the ␣ and ␤ subunits of F 0 F 1 -ATPsynthase (14, 15) . Although F 1 -ATPase requires both the ␣ and ␤ subunits to form the ␣ 3 ␤ 3 hexameric ring to exert its ATPase activity (16) , FliI can self-assemble into a hexameric ring in solution, and it shows a cooperative increase in ATPase activity in the presence of ATP and phospholipids (11, 13) . Therefore, it is thought that FliI also forms a hexameric ring when it docks to the FlhA-FlhB platform of the flagellar export apparatus (13) . FliI oligomerization and its ATP hydrolysis activity are suppressed in cytosol by FliH (17) .
However, FliH facilitates docking of FliI on to the platform of the export apparatus and recruitment of export substrates to the export apparatus, probably through binding of the FliH 2 FliIsubstrate-chaperone complex to the basal body C ring (7, 18, 19) . Thus, FliI displays dynamic interactions with other components in driving flagellar protein export. To understand how FliI oligomerization is regulated and ATP hydrolysis is coupled to the protein export process, we have crystallized and solved the structure of an N-terminally truncated variant of FliI lacking the N-terminal 18 residues, FliI(⌬1-18), in the presence of ADP.
Results
Crystal Structure of FliI(⌬1-18) Monomer. The crystallographic asymmetric unit contains two FliI(⌬1-18) molecules related by a pseudo-2-fold symmetry axis: mol-A, for which the atomic model has been built from Val-25 through Val-456 (missing a linker region from Asn-98 to Gly-107); and mol-B, from Pro-23 through Val-456 (missing a linker region from Asn-98 to Gln-105). The structure can be divided into three domains: the N-terminal domain (Pro-23 to Arg-97), the ATPase domain (Gln-109 to Ile-380), and the C-terminal domain (Thr-381 to Val-456) (Figs. 1 and 2A). Both molecules adopt basically the same structure except for the relative orientation of the Nterminal domain to the rest. The N-terminal domain is a compact ␤ barrel structure composed of six ␤ strands. The ATPase domain containing 272 residues shows an ␣/␤ fold composed of 10 ␣ helices and 13 ␤ strands. It has the P loop, and the segments from a6 to A2 and from A5 to a9 contain the Walker A and B motif, respectively ( Fig. 2B) (20) . The C-terminal domain consists of three ␣ helices and two loops connecting them. The N-terminal domain is connected to the ATPase domain through a relatively long linker (Asn-98 through Lys-108), most of which is invisible in the electron density map probably because of its conformational flexibility. However, the connectivity is unambiguous because the two residues to be connected are too far apart in the alternative pair, and the present model shows the same arrangement of the two domains as the F 1 subunits. Several N-terminal residues are also missing in the model because of unclear electron densities.
Structural Similarity Between FliI and F1-ATPase Subunits.
A high sequence similarity (29% identity as shown in Fig. 1 ) has been identified between the ATPase domain of FliI and the F 1 -ATPase ␤ subunit, based on which a similar fold has been predicted between them (14) . What we have found in the crystal structure of FliI, however, is a surprisingly striking structural similarity to the ␣ and ␤ subunits of F 1 -ATPase over the whole molecule ( Fig. 2 C-F). Direct comparison with the structures of bovine mitochondrial F 1 -ATPase ␣/␤ subunits [Protein Data Bank (PDB) ID code 1BMF] (21) shows that corresponding C ␣ atoms (225 of 272 atoms) of the FliI ATPase domain can be superimposed on the three different ␣ subunit structures and three different ␤ subunit structures with root-mean-square (rms) deviations of 1.1ϳ1.3 Å and 1.8ϳ2.1 Å, respectively. Interestingly, the N-terminal and Cterminal domains can also be superimposed onto the ␣/␤ subunits with rms deviations of 0.9ϳ1.2 Å and 1.6ϳ2.3 Å, respectively, despite the sequence identities being only 17% and 13%, respectively. These small rms deviations confirm that FliI is structurally very similar to the ␣/␤ subunits of F 1 -ATPase.
One remarkable difference between them is that the Cterminal domain of FliI is smaller. The first three ␣ helices in the C-terminal domain of FliI are structurally common with those of F 1 -ATPase, but the following two or three ␣ helices and the one-turn ␣ helix between the C2 and C3 ␣ helices that are present in the F 1 -␤ subunits are missing in FliI. Because this one-turn ␣ helix contributes to making the hydrophobic pocket for the adenine ring deep, the ATP-binding site of FliI is relatively shallow, just like that of the F 1 -␣ subunit.
The F 1 -␣/␤ subunits show different conformations depending on the nucleotide-binding state by changing the relative orien-tation of the ATPase and C-terminal domains (21) . We compared the whole molecule of FliI with that of the F 1 -␣/␤ subunits in various states by superimposing corresponding C ␣ atoms of the ATPase domains ( Fig. 2 C-F) . The conformational difference was measured by rms deviations of C ␣ atoms of the C1, C2, and C3 ␣ helices. Among the three states of the ␤ subunit in 1BMF [␤ TP , binding adenosine 5Ј-[␤,␥-imido]triphosphate (AMP-PNP); ␤ DP , binding ADP; ␤ E , no nucleotide], the ␤ E structure, which has an open conformation, is most similar to that of FliI with an rms deviation of 3.0 Å (Fig. 2C) , whereas rms deviations with other conformations are larger than 6.0 Å ( Fig.  2 D and E) . The three ␣ subunits show similar rms deviations from 3.5 to 4.2 Å. The most similar conformation among all available ones is found in the ADP-AlF 4 bound structure (PDB ID code 1H8E) (22) , which is an inhibited form obtained in the presence of aluminum fluoride and Mg-ADP. The ␤ ADPϩPi subunit in 1H8E, which structurally corresponds to ␤ E in 1BMF, gives the lowest rms deviation of 2.5 Å (Fig. 2F ). The ␤ ADPϩPi subunit exhibits a half-closed conformation with Mg-ADP and a sulfate ion that mimics the inorganic phosphate bound (22) . This structural similarity is reasonable because our monomeric FliI structure binds ADP, although weakly, as shown later. The bound ADP appears to induce the half-closed conformation.
Nucleotide-Binding Site of FliI. The bound ADP is rather difficult to recognize in the FliI structure probably because of its low occu- (21) and the thermophilic Bacillus PS3 (1SKYA and 1SKYB) (28) . The regions of secondary structural elements are shown below each sequence: blue line, ␣ helix; green line, ␤ structure. The secondary structural elements are labeled with initials of three domains (N, A, and C for ␣ helix; n, a, and c for ␤ structure) and numbers. The P loop is shown by the yellow box. The residues conserved between FliI and any of the F 1 subunits are highlighted in red. Red and blue boxes indicate the residues forming a hydrophobic pocket for nucleotide binding and basic residues located on the top surface of the crown-like structure, respectively. The residues included in the molecular model of FliI are shown in bold characters.
pancy. The density corresponding to the diphosphate is observed on the P loop, and some density corresponding to the adenine ring is seen by the Tyr-363 side chain, although the density of adenosine ribose is poor, and no density is visible for Mg 2ϩ . When the ␤ ADPϩPi subunit structure in 1H8E is superimposed onto FliI by using the P loop and the following A3 ␣-helix, however, the ADP moiety fits nicely in the density [see supporting information (SI) Fig. 4 ].
Amino acid residues of the F 1 -␣/␤ subunits known to be involved in ATP hydrolysis are highly conserved in FliI, some of which are shown around ADP in the nucleotide-binding site (Fig.  2B) . The di-phosphate binds to the FliI P-loop in the same manner as in the F 1 -␣/␤ subunits, which is consistent with previous mutational analysis showing that Lys-188 is required for the ATPase activity (23) . Glu-211, Arg-212, Glu-215, Asp-272, and Arg-276, which are expected to be involved with binding Mg 2ϩ and the ␥-phosphate (21) , are relatively far from ADP probably because no sulfate and magnesium ions are bound in the present structure. In agreement with this observation, the corresponding residues of the ␤ E structure, having the open conformation with no bound nucleotide, are located similarly to those of FliI, even though the present FliI structure is in a half-closed conformation with a low occupancy of ADP. The adenine binds to the hydrophobic pocket formed by Val-190, Met-194, Tyr-363, Pro-364, and Ile-436. The aromatic ring of Tyr-363 is stacked with the adenine ring in a manner similar to that in the ␤ subunit (21) . In fact, the Y363S mutation in FliI shows a loss-of-function phenotype (23) . These structural similarities strongly suggest that FliI and F 1 -ATPase share the similar catalytic pathway for ATP hydrolysis.
The ␣ 3 ␤ 3 hexamer formation is necessary for F 1 -ATPase to exert its ATPase activity because Arg-373 in the ␣ subunit stabilizes and increases the negative charge of ␥-phosphate in the transition state for catalysis (21, 24, 25) . In contrast, FliI still retains the ATPase activity to some extent even in an apparently monomeric state (13) . The corresponding arginine Arg-374 of FliI is also conserved among different bacterial species. However, because it is impossible for Arg-374 to play the same role within the same FliI molecule existing as monomer, the mechanism of this base ATPase activity is still unclear. One possible explanation is that the actual monomer is not functional, and transient oligomer formation is responsible. This idea is supported by the fact that FliH keeps FliI monomeric in the cytoplasm by forming the FliH 2 FliI complex and thereby inhibits the activity of the ATPase (17) .
Hexameric Structure Model of FliI. Because the hexameric ring structure of FliI appears important for flagellar protein export (11, 13), we constructed a hexamer model by using the F 1 -ATPase structure of bovine mitochondria (PDB code 1BMF) (21) as a template ( Fig. 3 A-D) . The regions that differ between FliI and the F 1 -␣/␤ subunits are all located on the outer surface of the hexamer ring ( Fig. 3 B-D) . The N terminus of the FliI model to which the missing 22 residues are connected also points toward the outside of the hexamer ( Fig. 3 A and B) . On the other hand, the main-chain structures constructing the subunit interface and those surrounding the central channel of the ring are well conserved. The loop connecting ␣ helices A6 and A7 forms the hydrophobic sleeve of the central channel ( Figs. 2 A and 3  E-G) . This structure is highly conserved as well as the unique proline-and glycine-rich sequence (21) . Below the hydrophobic sleeve, there is a wider sleeve structure composed of the loop connecting a11 and A8, which is also conserved ( Figs. 2 A and 3  E-G) . This sleeve is highly acidic in FliI because of three aspartic acids and one glutamic acid located on the loop (Fig. 3G ).
FliI has structural features of both the ␣ and ␤ subunits of F 1 -ATPase. Interestingly, when conserved residues are mapped on the molecular surface of FliI, the residues conserved with the ␣ subunit interact with those conserved with the ␤ subunit at the subunit interface, explaining why FliI can self-assemble into a homohexamer (see SI Fig. 5 ).
The electrostatic potential mapping on the hexamer demonstrates that the top surface of the crown-like structure formed by the N-terminal domains is positively charged by the contribution of six arginine residues, Arg-26, Arg-27, Arg-30, Arg-33, Arg-76, and Arg-93 ( Fig. 3H) . Because the N-terminal region of FliI is required for the binding to acidic phospholipids and the membrane protein components of the export apparatus (7, 13) , these positive charges may mediate such interactions during flagellar protein export.
Discussion
The structural similarity between FliI and F 1 -␣/␤ subunits implies a close relation between the bacterial flagellum and F 0 F 1 -ATPsynthase. FliH has a sequence similarity to both the b and ␦ subunits of the F 0 F 1 -ATPsynthase (26) . Furthermore, both systems use proton flow through the channel proteins embedded in the cell membrane for mechanical rotation (16, 27) , suggesting that these two complex molecular machines have been evolved from a common ancestral system.
The structure of F 1 -ATPase is a stable hexameric ring, in which the N-terminal domains of the ␣/␤ subunits contribute substantially to the intersubunit interaction by forming 24stranded ␤-sheet with the pseudo-6-fold symmetry (21, 28) . In contrast, the FliI hexamer is unstable, and the subunit assembly is controlled by external factors. ATP and phospholipids affect the hexamer formation of FliI (11, 13) . Oligomerization of FliI is also strongly controlled by a small number of N-terminal residues, and variants of FliI missing those N-terminal residues cannot form the hexamer ring (13, 15), although they still retain a low-level ATPase activity (13) . The N-terminal 18 residues, which are missing in the present structure, include the binding region for FliH, which inhibits the FliI oligomerization but apparently promotes the formation of the active export complex by helping the docking of FliI to the membrane components of the export apparatus (7, (17) (18) (19) . These observations suggest that the conformation of the short N-terminal stretch is important for the stability of the hexamer. The missing N-terminal region may interact with the extended ␤-loop-␤ (n3-n4) region of the neighboring subunit ( Fig. 3B ) and adjust the orientation of the N-terminal domain for stabilizing the hexamer.
AAA ATPases are known to show structural similarities with F 1 -ATPase in the core structure of their ATPase domains (29) . However, they do not show any similarity in their N-terminal domains; instead, AAA ATPases have their unique domain or subdomain that follows the ATPase domain, contributing to the hexamer formation as well as the ATPase domain (30) (31) (32) . Thus, the fold and the way the subunits assemble into hexamer are completely different from that of F 1 -ATPase and our FliI model.
The extensive structural similarities between the FliI hexamer and F 1 -ATPase suggest similar mechanisms. F 1 -ATPase is a rotary motor driven by the sequential ATP binding and hydrolysis at the three catalytic sites of the ␣ 3 ␤ 3 ring that couple the changes in the relative orientations of the ATPase and C-terminal domains of the ␤ subunits with the rotation of the ␥ subunit in the middle of the ring (27, 33, 34) . If FliI functions in a similar manner, what would be the equivalent entity to the ␥ subunit? Specific chaperones involved in the type III secretion system bind to their cognate substrates in the cytoplasm and release them for secretion. InvC, the FliI homolog in the Salmonella virulence type III secretion system, has been shown to act as an ATPase-dependent unfoldase that interacts with the chaperone-substrate complexes and unfold the substrates (9) . Based on the FliI structure, the potential chaperonebinding site of InvC is mapped on the C-terminal region of the C1 ␣ helix, which corresponds to the region of the ␤ subunit with which the ␥ subunit interacts. This observation suggests that those chaperones are one of the candidates for the ''␥ subunit.'' It may also well be that the FliI hexamer is a linear motor, unfolding and threading export substrates through its central channel by cooperative conformational changes of the subunits, just as speculated for AAA ATPase complexes (35) . The structural information on the whole export apparatus will be essential to reveal the export mechanism. (⌬1-18) . Details of expression, purification, and crystallization of Salmonella FliI(⌬1-18) were described in ref. 36 . Briefly, monoclinic P2 1 crystals of FliI(⌬1-18) with unit cell dimensions a ϭ 48 Å, b ϭ 73 Å, c ϭ 126 Å were grown from a solution containing PEG 8000, calcium acetate, magnesium chloride, and ADP by the hanging-drop vapor diffusion method. Derivatives were prepared by soaking the crystals in a reservoir solution containing K 2 PtCl 4 or K 2 OsCl 6 .
Materials and Methods Preparation and Crystallization of FliI
Data Collection and Structure Determination. X-ray diffraction data were collected at synchrotron beamline BL41XU of SPring-8 (Harima, Japan). The statistics of the data were described in ref. 36 . The crystals were frozen in liquid nitrogen. Because the derivative crystals were highly sensitive to x-ray, we used a helium cryo-cooling device to reduce the radiation damage. The data were processed with MOSFLM (37) and scaled with SCALA (38) . After initial scaling, frames that did not show evidence of significant radiation damage were se-lected and rescaled. Removal of damaged data were essential for phasing. Phase calculation was performed by using SOLVE (39) . The best electron density map was obtained from the MIRAS phase by using the two heavy atom derivatives with anomalous data at the peak wavelengths followed by density modification with DM (38) . The model was constructed with O (40). The model was refined at 2.4 Å by using program X-PLOR (41) and, for the final stage, CNS (42) . During the refinement process, manual modification was performed by using omit map. The refinement converged to an R factor of 24.4% and a free R factor of 29.5%. The Ramachandran plot showed that 84.7% and 13.4% residues were located in the most favorable and allowed region, respectively. Structural refinement statistics are summarized in Table 1 .
Model Building of the Hexamer. The hexamer model was built based on the F 1 -ATPase structure (PDB ID code 1BMF) as a template. The N-terminal domain and the other two domains were fitted separately on the template. We first determined the common structural regions by manually superimposing FliI to the template, and we carried out the least-squares fitting with a program LSQAB in the CCP4 package (38) . Because of the conformational variation of the C-terminal domain of F 1 -␣/␤ subunits, we used only the common region of the ATPase domain for fitting the ATPase and C-terminal domains. Values in parentheses are for the highest-resolution shell. R wϭ ⌺ ʈ Fo ͉ Ϫ ͉ Fc ʈ / ⌺ ͉ Fo ͉, Rfreeϭ ⌺ ʈ Fo ͉ Ϫ ͉ Fc ʈ / ⌺ ͉ Fo ͉ *Because of poor electron density, the ADP bound to mol-A was not modeled.
